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Abstract

Objectives—Resting metabolic rate (RMR) is the largest component of total energy expenditure.
It has not been studied in old-old adults living in the community, though abnormalities in RMR
may play a critical role in the development of the clinical syndrome of frailty. The objective was
to measure RMR and examine the association of measured RMR with frailty status and compare it
to expected RMR generated by a predictive equation.

Design—~Physiologic sub-study conducted as a home visit within an observational cohort study.
Setting—Baltimore City and County, Maryland.
Participants—77 women age 83-93 years enrolled in the Women’s Health and Aging Study 1.

Measurements—RMR with indirect calorimetry; frailty status; fat-free mass; ambient and body
temperature; expected RMR via the Mifflin-St. Jeor equation.

Results—Average RMR was 1119 kcal/d (s.d.+ 205; range 595-1560). Agreement between
observed and expected RMR was biased and very poor (between-subject coefficient of variation
38.0%, 95%CI: 35.1-40.8). Variability of RMR was increased in frail subjects (heteroscedasticity
F test P value=0.02). Both low and high RMR were associated with being frail (Odds Ratio 5.4, P
value=0.04) and slower self-selected walking speed (P value<0.001) after adjustment for
covariates.

Conclusion—Equations to predict RMR that are not validated in old-old adults appear to
correlate poorly with measured RMR. RMR values are highly variable among old-old women,
with deviations from the mean predicting clinical frailty. These exploratory findings suggest a
pathway to clinical frailty through either high or low RMR.
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INTRODUCTION

Resting metabolic rate (RMR) is the largest component of total energy expenditure, which
also includes thermogenesis from feeding and activity energy expenditure.(1) On average,
RMR declines in old age(2) but there is a paucity of information regarding the distribution
of RMR in old-old adults, aged 80 and over, living in the community. The modest amount of
average decline seen with increasing old age in longitudinal studies of healthy older adults
has led to the observation that group averages may hide inherent heterogeneity, with some
subjects experiencing an increase and others a decrease in RMR.(3)

Changes in RMR in old age may play a critical role in the pathogenesis of the clinical
syndrome of frailty.(4-6) Declines in subjective energy levels and increased fatigue are
important signs and symptoms of frailty.(7) Changes in energy metabolism may explain the
associations among weakness, weight loss, inactivity and decreased food intake components
of frailty. If RMR is increased in frail older adults, compared to non-frail, then it can cause
cachexia-like muscle loss. This model of altered energetics accompanied by weakness has
been shown in some inflammatory diseases and cancer.(8, 9) Alternatively, if RMR is
decreased it is likely to be the consequence but not the cause of muscle loss. This alternative
model of altered energetics accompanied by weakness suggests frailty could be a form of
accelerated aging.(10) It is currently not known whether RMR is decreased or increased in
frail old-old adults, despite the presence of frailty in 23% of adults aged 90 or older,(5, 6)
because of challenges related to study recruitment and retention of frail old-old adults. (11)
There are also clinical implications to assessing RMR in older people, as equations used to
estimate RMR have not been validated in older populations, despite their widespread use in
creating nutritional plans for old-old adults.(12) This issue affects a substantial and
important population, as old-old adults made up 13% of Medicare admissions in 2008.(13)

We developed and implemented a home visitation protocol to characterize RMR in old-old
women, including frail women. We hypothesized that RMR was altered in frail, compared to
non-frail, older women after adjusting for body composition and confounders. We also
characterized the association between RMR and a cardinal feature of frailty, self-selected
walking speed.(14, 15) Finally, we examined agreement between expected and observed
RMR.

METHODS

Design and Setting

The Women’s Health and Aging Study Il (WHAS I1) is a longitudinal cohort designed to
understand the onset of disability in women in eastern Baltimore City and County,
Maryland.(16) At the time of inception, WHAS 11 eligibility criteria included self-reported
task difficulty in <1 out of 4 physical domains, Mini-Mental State Examination score >24
(19), and ability to participate in a clinic examination. The 436 women enrolled were aged
70-79 and represented the 2/3 least disabled community-dwelling women. Subjects were
enrolled in 1994-1995 and followed every 18-36 months.

Participants

At the seventh round WHAS |1 visit, subjects were invited to participate in a home sub-
study in which RMR and glucose tolerance testing were performed (May, 2008 — March,
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2009). There were no exclusion criteria for RMR measurement. Analyses include all 77
women in whom RMR was measured. RMR was not measured in two participants due to
equipment malfunction or discomfort using the equipment mouthpiece. The Johns Hopkins
Medical Institutions Institutional Review Board approved the research protocols. Informed
consent was obtained from all participants.

Measurement of Outcome

Metabolic rate was measured in kilocalories/day (kcal/d) with indirect calorimetry through a
standardized protocol for the home.(17, 18) Participants were called the day before to
inquire about acute illness and remind them to fast at least 12 hours and avoid all non-
essential activity before the arrival of the research team between 8 and 9 a.m. Participants
were placed in a comfortable position in a semi-recumbent chair or similar position and
asked to rest for 215 min. Lighting was dimmed. Participants were reminded to stay “as
quiet as possible and avoid moving around.” Trained research staff recorded any deviations
from protocol. The Medgem® by HealtheTech portable indirect calorimeter with a
mouthpiece and nose-clip obtained two readings without delay between readings.(19, 20)
The device was held by research staff. Calibration was performed before each measurement
and analyses use the average of the two readings, each of which was obtained after plateau
of oxygen consumption.

Measurement of Main Independent Variables

Frailty status was assessed at the seventh round and was defined as originally
operationalized in the Cardiovascular Health Study(7) and validated in the WHAS studies.
(14) Five criteria for frailty were used: shrinking (BMI <18.5 kg/m? or 5% annual weight
loss), weakness (grip strength equivalent to the lowest quintile in CHS, by gender and BMI
strata), poor endurance (self-report of exhaustion), slowness (average of self-selected
“usual” walking speed, equivalent to the lowest quintile in CHS), and low activity (activity
level in kcal/week equivalent to the lowest quintile in CHS). Walking speed was obtained as
the time (to 0.1 second) needed to cover a 4-m course. Participants were told, ‘“Now we are
going to observe how you normally walk. If you use a cane or a walking aid and would feel
more comfortable with it, you may use it.”” Time began with a verbal command to start
walking (‘“Ready, Begin’”) from a standing start with both feet touching a starting line and
ended when a foot broke the plane of the finishing line. Two trials were performed with no
structured delay. Those with none of the characteristics were categorized as non-frail, those
with 1 or 2 pre-frail and those with 3, 4, or 5 as frail. The Mifflin-St. Jeor equation, which
has been proposed to have superior validity in older adults,(21) was used to calculate
expected RMR.(22)

Measurement of Covariates

Ambient temperature and barometric pressure were measured to the first decimal place for
degrees Farenheit (oF) and millibar (mbar), respectively, at the beginning and end of the
visit with a Linseis® SAM700BAR ambient thermometer/hygrometer. The instrument was
at the level of the participant’s torso on a table or similar item. Body temperature has been
shown to affect measured RMR(23) and was measured to the first decimal place at the
beginning and end of the visit with an Omron® MC-106 digital oral thermometer placed as
far back as possible under the tongue on one side. Height and weight were measured using a
standardized protocol. Fat-free mass (FFM) was determined at the seventh round under
standardized conditions by measurement of bioelectric impedance with all subjects in a
recumbent position (Danninger Medical Technology Body Composition Analyzer TVI-10).
Impedance measurements were performed with an alternating single frequency 50kHz
current and an amplitude of 800 mA. The FFM in kg was calculated from equations based
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on resistance in ohms.(24) RMR was not divided by a body size measure to avoid the
systematic bias such a step introduces for comparisons across groups.(25)

Analytic Methods

RESULTS

We examined RMR values graphically according to frailty status. Pre-specified analyses
examined the association between RMR and frailty status using simple and adjusted
multinomial regression models. A linear regression model examined the association of RMR
with self-selected walking speed. The multivariable fractional polynomial models
algorithm(26) developed a non-linear equation for this model, which was evaluated through
examination of residuals. Agreement between observed and expected RMR was evaluated
with a plot and calculation of between-subject coefficient of variation. Adjusted models
included ambient temperature, body temperature height and weight. FFM was available as a
sensitivity analyses instead of height and weight for 64 subjects who did not have a
contraindication (e.g. pacemaker). An alpha level of 0.05, two-sided, was considered
statistically significant. Two post-hoc analyses were: a) the F-test for heteroscedasticity
comparing pre-frail and frail to the non-frail group and multinomial model for the deviation
from mean RMR (i.e. RMR]; - mean RMR, scaled to s.d.) as a predictor of frailty status.
Analyses were performed using Stata, version 11, Stata Corporation, College Station, TX.

The average participant age was 86.9 years (range 83-93). Among participants, 17% were
black and 83% were white. Average BMI was 26.8 kg/m? (range17.8-42.6). With respect to
protocol attainment, 2 participants were fasting <10 hours (1 hour since cup of coffee, 8
hours since meal). These participants are indicated in figures with special symbols. The test-
repeat coefficient of variation for RMR was 12.5% (95% CI: 7.1-16.2) and the means of the
first and repeat measurement were 1125 and 1116 kcal/d, respectively (P-value 0.86).

Average RMR was 1119 kcal/d (s.d.x 205 ; range 595-1560). Fifty subjects were pre-frail,
17 were non-frail and 10 were frail. Mean values (standard deviations) of covariates were:
height 1.54 (0.074) meters; weight 63.3 (12.8) kg; fat-free mass 38.3 (5.27) kg; body
temperature 96.6 (0.71) oF; ambient temperature 72.0 (4.29) oF.

Figure 1 displays the distribution of RMR according to frailty status. Among non-frail
participants the distribution was more compact compared to the wider distribution among
pre-frail and frail people. In the frail group, only 2 of 10 had RMR values within the intra-
quartile range for the entire sample. There was a higher degree variability of RMR in pre-
frail or frail subjects, compared to non-frail (unadjusted F-test pre-frail vs. non-frail P
value=0.06; frail vs. non-frail P value=0.02).

RMR was not linearly associated with frailty status (P >0.05), whereas deviation from mean
RMR was a predictor of frail status (OR of frail status 6.2 and 5.0 for simple and adjusted
models; P values=0.01 and 0.04, respectively) but not a strong predictor of pre-frail status
(OR of pre-frail status 2.2 and 2.4 for simple and adjusted models; P values=0.07 and 0.18,
respectively). Adjusting for FFM instead of height and weight in in models with body
temperature and ambient temperature did not change these results substantially.

RMR was a non-linear predictor of self-selected walking speed as shown in Figure 2. Both
low and high RMR were associated with slower self-selected walking speed after adjustment
for covariates (P value<0.001). The non-linear coefficient increased the model’s adjusted <2
value from 0.0455 to 0.222 and decreased the root mean squared error from 0.1648 to
0.1488. Average self-selected walking speed was nonlinearly related to a 100 kcal/d
difference in RMR, seen as the model fit line in Figure 2. Examination of model residuals
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demonstrated good nonlinear model fit to the data. Adjusting for FFM instead of height and
weight did not change these results substantially.

Figure 3 shows that agreement between observed and expected RMR was markedly biased
such that expected values were higher than observed values by a factor of 1.5-3. There was
also little correlation (comparison to a 45-degree line). Where perfect agreement would be
zero, the within-subject coefficient of variation between observed and expected RMR was
38.0% (95%CI: 35.1-40.8) indicating very poor agreement.

CONCLUSION

This study characterizes RMR in a group of high clinical importance for whom very little
information is available, women older than 80 including frail women living in the
community. RMR displayed a large degree of variability of RMR among old-old women
and deviation from the sample average value was associated with being clinically frail. The
likelihood of frailty did not increase monotonically with increasing RMR. Instead, either a
low or high RMR was associated with an increase in the odds of frailty status after adjusting
for body composition, body temperature and ambient temperature, compared to the sample
average RMR. The relationship between RMR and self-selected walking speed, a key
constituent feature of frailty, confirmed the findings for the frailty status indicator as either
very low or high RMR was associated with slower average self-selected walking speeds
compared to the sample average. This main finding, the increased variability of RMR in old-
old women, particularly among the frail, has implications for both clinical practice and
understanding the clinical syndrome of frailty if it is replicated.

There may be limited clinical utility to the practice of using population-based equations to
predict energy requirements and create nutritional recommendations for old-old adults. The
equation thought to be best suited for prediction of energy requirements in older adults
correlated very poorly with measured RMR and was markedly biased toward a higher RMR.
Difficulty predicting energy requirement may be even more pronounced for hospitalized
old-old adults who are acutely ill than for these subjects, who were examined at home. Mean
RMR and variability similar to this study were found in an examination of women in a
nursing home in Sweden, which reported a mean reliable RMR of 1174 kcal/d £175 (range
810-1560) among 33 women with an age range of 67-102.(27) The findings here are also
consistent with increased between-subject variability in total energy expenditure previously
noted in old-old community-dwelling adults compared to younger adults.(28) Until more
information is available for old-old adults, clinical practice may be better suited by
examination of clinical indicators such as oral intake and loss of muscle than by an estimate
of energy requirement.

The exploratory findings here that relate deviations from average of RMR to frailty suggest
the possibility of distinct pathways that converge on the clinical phenotype of frailty.(5, 6,
29, 30) One is characterized by a relatively hypermetabolic state, which may be disease-
related.(31, 32) In another pathway, acceleration of age-associated decline in metabolic rate
may occur, leading to a low resting metabolic rate. The nonlinearity of the relationship
between RMR and walking speed is consistent with numerous studies showing an inverse u-
shaped association between activity energy efficiency and walking speed (as examples, see
Weyand et al.(33) or Bastien et al.(34)). Indeed, more generally it appears that for
physiologic variables reflecting homeostasis (arterial blood pressure; serum glucose
concentration; serum cholesterol concentration; body mass index; etc.) values at either
extreme are an indicator of impaired physiologic function.
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Our data suggest this occurs even after controlling for loss of muscle mass, and may
represent physiologic compensation to preserve precious energy stores. The causal
mechanisms behind alterations in RMR are likely to involve highly complex and redundant
neurologic and endocrine pathways. That metabolic regulation is highly complex is
suggested by the resilience in good health of both body temperature and body composition
to fluctuations in ambient temperature and caloric intake across immediate, short-term and
long-term time intervals. Specifically, sympathetic nervous system activity is a fundamental
modulator of metabolism that has been shown to be positively associated both with physical
activity and muscle mass(35) and with dysfunction of the cardiac left ventricle.(36) Among
endocrine organs affecting metabolism, the thyroid plays a central role as a modulator of
metabolism, perhaps partly through an influence on sympathetic nervous system activity.
(37) However, a substantial line of research suggests the thyroid may also be essential to
adaptive changes that occur in the face of reduced energy intake. Caloric restriction studies
have identified changes in mitochondrial membrane content, as well as function of
uncoupling proteins ,governed by thyroid hormone that create thermogenesis through a
mitochondrial proton leak.(38, 39) Studies in young healthy humans have repeatedly shown
that a negative energy balance leads to a lowering of thyroid hormone levels that is
accompanied by a lower resting metabolic rate (RMR) not explained by changes in body
composition.(40-43) The causal link between thyroid hormone levels and RMR was further
been strengthened by an experimental study displaying how small changes in the dose of
thyroid hormone replacement therapy led directly to corresponding increases or decreases in
RMR.(44) An attempt to replicate the previously-reported associations between sympathetic
nervous system activity, thyroid hormone and RMR is planned in this old-old sample.

These data, if they are confirmed, support the hypothesis that there is more than one point of
entry into the frailty spiral, and the importance of ongoing efforts to identify subtypes of
frailty that point to subtype-specific preventive interventions. Previous work in older adults
mostly younger than 80 years has also suggested that body composition alone does not
explain differences in RMR between older and younger adults.(45)

The study findings should be considered with its limitations. These results were obtained
from a small sample of mostly urban, community-dwelling women. While filling an
important void, these results are preliminary and larger studies will be required to examine
RMR among men and for subgroups defined by chronic diseases and medication use. The
equipment used to measure RMR did not measure ventilation rate. The external validity of
the findings is strongly limited even if it is supported indirectly by the literature noted
above. The post-hoc nature of some analyses warrants that P values should not be
interpreted as confirmatory and detailed longitudinal examination of RMR is necessary to
establish causal pathways.

In summary, in exploratory analyses RMR displayed a large degree of variability of RMR
among old-old women and deviation from the sample average value was associated with
being clinically frail. Equations to predict RMR that are not validated in old-old adults
appear to have little ability to inform the clinical management of nutritional status in old-old
adults. Frailty in late life may be the result of more than one type of derangement of
metabolism.
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Figure 1. Distribution of Resting M etabolic Rate, According to Frailty Status
RMR is resting metabolic rate. Two people identified by filled squares were fasting <10
hours. Horizontal lines are 251 and 75™ percentiles for the sample.
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Figure 2. Association Between Resting M etabolic Rate and Self-Selected Walking Speed, a
Cardinal Feature of Frailty

RMR is resting metabolic rate and was adjusted for height, weight, body temperature and
ambient temperature. Two people identified by filled squares were fasting <10 hours. Line is
fitted from model adjusting for height, weight, ambient temperature and body temperature
(equation y=0.684+RMR*0.00248+RMR*-0.00875).
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Figure 3. Agreement Between Observed and Expected Resting M etabolic Rate. RMR isresting
metabolic rate

Two people identified by filled squares were fasting <10 hours.
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